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SEMICONDUCTOR DEVICE AND METHOD
FOR PRODUCING THE SAME

BACKGROUND OF THE INVENTION

A. Field of the Invention

The present invention relates to a semiconductor device
including a field stop (FS) layer, such as a diode and an
insulated gate bipolar transistor (IGBT), and a method for
producing the same.

B. Description of the Related Art

As a power semiconductor device, for example, there 1s a
diode or an IGBT with a breakdown voltage of 400 V, 600

V, 1200V, 1700 V, 3300 V, or more. The diode or the IGBT

1s used 1n a power conversion apparatus such as a converter
or an inverter. The power semiconductor device requires
good electrical characteristics, such as low loss, high efl-
ciency, and a high breakdown voltage, and low costs.

As a method for producing the power semiconductor
device, the following method has been proposed. First, for
example, a diflusion region or a MOS structure 1s formed on
the front surface side of a semiconductor substrate. Then, the

rear surface 1s ground to reduce the thickness of the semi-
conductor substrate. Proton implantation and a heat treat-
ment are performed for the ground surface to form donors
using composite defects mncluding the implanted hydrogen
atoms and a plurality of neighboring point defects, thereby
forming a high-concentration n-type field stop layer. The
donor formed by the composite defect including hydrogen 1s
referred to as a hydrogen-induced donor.

Patent Literature 1 discloses a technique for preventing a
reduction in electron/hole mobility at an 1rradiation position
due to proton implantation. Patent Literature 2 discloses heat
treatment conditions after proton implantation. Patent Lit-
erature 3 discloses an IGBT production method which uses
laser annealing when a contact layer 1s formed after proton
implantation and annealing. After the proton irradiation,
annealing 1s performed to recover carrier concentration.
Patent Literature 4 discloses a method which recovers a
defect layer before proton annealing to increase the carrier
concentration of protons. Patent Literature 5 discloses a
method which mtroduces oxygen to a silicon substrate in
advance, radiates protons to the front surface, performs
annealing, grinds the rear surface, implants phosphorus 10ns
into the ground surface, and performs annealing with a YAG
laser. In addition, Patent Literature 5 discloses a method
which prevents a reduction 1n the carrier mobility of a
proton-implanted region due to the mtroduction of oxygen.
Patent Literature 6 discloses a method which performs
annealing with a YAG laser and a CW laser to form a proton
field stop layer (proton donor generation layer) after protons
are 1mplanted into the rear surface.

CITATION LIST

Patent Literature 1: Umnited States Patent Application,
Publication No. 2005/0116249

Patent Literature 2: Umited States Patent Application,
Publication No. 2006/0286753

Patent Literature 3: JP 2001-160559 A

Patent Literature 4: JP 2009-099705 A

Patent Literature 5: WO 2007-055352 Al

Patent Literature 6: JP 2009-176892 A
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A large number of defects itroduced by proton implan-
tation remain in the projected range Rp of protons (the
distance of a position where the concentration of the
implanted 10ns 1s the highest from an implantation surface),
a proton passage region from the implantation surface to the
projected range Rp, or the vicinity of the implantation
surface. The remaiming defects are referred to as residual
defects. The deviation of an atom (1n this case, silicon) from
a lattice position 1s large and the state of the defect 1s close
to an amorphous state due to the strong disorder of the
crystal lattice. Therefore, the defect 1s the scattering center
of a carrier, such as an electron or a hole, reduces carrier
mobility, and increases conduction resistance. In addition,
the defect 1s the generation center of the carrier and increases
a leakage current. As such, the defect causes the deteriora-
tion of the characteristics of the element.

As such, the defect which remains 1n the proton passage
region from the proton implantation surface to the projected
range Rp of the protons due to proton implantation, causes
a reduction in carrier mobility or an increase in leakage
current, and 1s strongly disordered from the crystal state i1s
particularly referred to as disorder. There 1s a method that
recovers the crystal defects which are generated during
proton 1mplantation using a heat treatment 1 an electric
furnace to form hydrogen-induced donors. In a case 1n which
the crystal defects generated during proton implantation
form the disorder, when only the heat treatment using the
clectric furnace 1s performed, the hydrogen-induced donors
are formed and the disorder remains 1n the proton passage
region. As a result, the carrier mobility 1s reduced, which
causes deterioration of characteristics, such as an increase 1n
leakage current or conduction loss.

As disclosed 1in Patent Literature 3, there 1s a method
which anneals the proton implantation surface with a laser
while cooling the MOS gate forming surface opposite to the
proton implantation surface after proton implantation 1s
performed. However, Patent Literature 3 does not disclose
the remaining disorder and the influence of the remaining
disorder on the characteristics of the element.

As disclosed 1n Patent Literature 4, there 1s a method
which performs electron beam heating or laser heating to
recover the crystal defects after proton implantation, 1n order
to prevent the outward diffusion of protons before annealing.
However, Patent Literature 4 does not disclose the remain-
ing disorder and the influence of the remaining disorder on
the characteristics of the element.

As 1n Patent Literature 5, when a high concentration of
oxygen 1s mtroduced into the silicon substrate 1n advance, a
process of diflusing oxygen at a high temperature (1000° C.
or more) 1s needed. Therefore, problems, such as an increase
in the number of processes increases and the occurrence of
an oxidation-induced stacking faults (OSF), arise.

In Patent Literature 6, laser beams with two types of
wavelengths are radiated to recover the defects in a region
from the proton implantation surface to a depth o1 30 um and
a long carrier lifetime 1s maintained. However, Patent Lit-
erature 6 does not disclose the disorder which remains 1n the
proton passage region. In addition, even when lasers with
different wavelengths are combined with each other, a
temperature distribution 1s certainly generated 1n the depth
direction. Therefore, 1t 1s diflicult to achieve both the stable
formation of the hydrogen-induced donors at an arbitrary
depth and a reduction 1n the disorder 1n the vicinity of the
implantation surface and in the passage region. In addition,
individual laser light sources and individual laser 1rradiation
facilities are needed 1n order to radiate laser beams with two
different wavelengths, which results in an increase in costs.
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In the method disclosed 1in Patent Literature 6, when the
projected range Rp of the implanted protons from the
implantation surface 1s more than 15 um, the disorder 1s not
suiliciently reduced 1n the vicinity of the implantation sur-
face and 1n the passage region. FIG. 6 1s a characteristic
diagram 1llustrating the comparison among the carrier con-
centration distributions of the semiconductor device which
1s produced by the method according to the related art for
cach projected range. Specifically, In FIG. 6, when the
projected range Rp of proton implantation 1s around 15 um,
the carrier concentration distributions of the sample which 1s
formed by the method disclosed 1n Patent Literature 6 for
cach projected range Rp are compared. FIG. 6(a) shows a
case 1n which the projected range Rp 1s 50 um, FIG. 6(b)
shows a case i which the projected range Rp 1s 20 um, and
FIG. 6(c) shows a case in which the projected range Rp 1s
10 um. In FIG. 6(c) in which the projected range Rp 1s 10
um, the carrier concentration in the vicinity of the implan-
tation surface (a depth of O um to 5 um) and in the passage
region is higher than the concentration, 1x10'* (/cm?), of the
silicon substrate and the disorder 1s sufliciently reduced. As
can be seen from FIG. 6(b) in which the projected range Rp
1s 20 um and FIG. 6(a) in which the projected range Rp 1s
50 um, the carrier concentration in the vicinity of the
implantation surface and in the passage region i1s greatly
reduced and the disorder 1s not reduced. As such, when the
disorder remains, the leakage current or conduction loss of
the element increases. Therelfore, when the projected range
Rp of the proton implantation 1s more than 15 um, a new
method for reducing the disorder needs to be examined.

The present invention 1s directed to overcoming or at least
reducing the eflects of one or more of the problems set forth
above.

SUMMARY OF THE INVENTION

The mmvention provides a stable and inexpensive semi-
conductor device which includes an n-type field stop layer
formed at a predetermined depth, can reduce the disorder
generated by proton implantation, and can prevent deterio-
ration of electrical characteristics, such as a reduction 1n
carrier mobility, an increase in loss, and an increase 1n
leakage current due to a generation center, and a method for
producing the same, 1n order to solve the above-mentioned
problems.

A semiconductor device according to the invention has
the following characteristics. A p-type base layer 1s provided
in a surface layer of a first main surface of a semiconductor
substrate, which 1s an n-type drift layer, and has a higher
concentration than the driit layer. An n-type emitter layer 1s
provided 1n the base layer and has a higher concentration
than the base layer. A gate insulating film 1s provided which
contacts the base layer, the emitter layer, and the dnit layer.
A gate electrode 1s provided on a surface of the gate
insulating film facing the base layer, the emitter layer, and
the drift layer. An emitter electrode 1s provided on the
surfaces of the emitter layer and the base layer and 1s
insulated from the gate electrode by an interlayer imsulating
film. A p-type collector layer 1s provided on a second main
surface of the semiconductor substrate. At least one n-type
intermediate layer 1s provided between the drift layer and the
collector layer and includes a pair of an n-type field stop
layer with a higher concentration than the drift layer and an
n-type disorder reduction region with a concentration which
1s lower than that of the field stop layer and equal to or
higher than that of the drift layer.

10

15

20

25

30

35

40

45

50

55

60

65

4

In the semiconductor device according to the invention,
the depth of a position where carrier concentration 1s the
maximum 1n the field stop layer closest to the base layer
from the second main surface may be more than 15 um.

In the semiconductor device according to the invention,
when q 1s an elementary charge, N , 1s the average concen-
tration of the drit layer, €_ 1s the permittivity of the semi-
conductor substrate, V,__ 1s a rated voltage, J,. 1s rated
current density, and v__ . 1s a saturated velocity 1n which a
carrier speed 1s saturated with predetermined electric field
intensity, a distance mdex L may be represented by the
following Expression (1). When the depth of the position
where the carrier concentration 1s the maximum 1n the field
stop layer closest to the base layer from the second main
surface 1s X and the thickness of the semiconductor substrate

1s WO, X=WO0-vL may be established and v may be i the
range of 0.2 to 1.5.

eV, . Expression (1)

J
Va5 N
quar

In the semiconductor device according to the mvention,
the field stop layer in the mtermediate layer which comes
into contact with the drift layer may come into contact with
the drift layer. The disorder reduction region in the inter-
mediate layer which comes into contact with the collector
layer may come into contact with the collector layer.

In the semiconductor device according to the ivention,
two or more intermediate layers may be formed.

In the semiconductor device according to the invention, a
minimum value of carrier mobility in the disorder reduction
region may be equal to or more than 20% of the carrier
mobility 1n a crystal state.

In order to solve the above-mentioned problems, a
method for producing a semiconductor device according to
the invention has the following characteristics. Proton
implantation 1s performed from one main surface of a
semiconductor substrate. Then, the entire semiconductor
substrate 1s heated at a high temperature to form a hydrogen-
induced donor using the proton implantation, thereby form-
ing an n-type field stop layer in the semiconductor substrate.
A portion of the semiconductor substrate corresponding to
the projected range of the implanted protons from the one
main surface 1s heated to reduce a disorder generated in a
proton passage region, thereby forming an n-type disorder
reduction region.

In the method for producing a semiconductor device
according to the invention, a process of heating the entire
semiconductor substrate at a high temperature may be a
furnace annealing process, and the field stop layer may be
formed by the furnace annealing process. In addition, a
process of heating the portion of the semiconductor substrate
corresponding to the projected range of the implanted pro-
tons from the one main surface may be a laser annealing
process of radiating laser light to the one main surface. The
disorder reduction region may be formed by the laser
annealing process.

In the method for producing a semiconductor device
according to the invention, the formation of the field stop
layer and the formation of the disorder reduction region may
be performed after a rear surface of the semiconductor
substrate 1s ground and before a rear electrode 1s formed.

In the method for producing a semiconductor device
according to the invention, the formation of the field stop
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layer may be performed after the proton implantation 1is
performed and belfore the disorder reduction region 1s
formed.

In the method for producing a semiconductor device
according to the invention, the formation of the disorder
reduction region may be performed after the proton implan-
tation 1s performed and before the field stop layer 1s formed.

In the method for producing a semiconductor device
according to the invention, the temperature of the furnace
annealing process may be equal to or higher than 350° C.
and equal to or lower than 550° C. The processing time of
the furnace annealing process may be equal to or more than
1 hour and equal to or less than 10 hours.

In the method for producing a semiconductor device
according to the mvention, a YAG laser or a semiconductor
laser may be used in the laser annealing process.

In the method for producing a semiconductor device
according to the imnvention, aiter the proton implantation and
before the laser annealing process, impurity ions may be
implanted 1nto a surface layer of the one main surface which
i1s shallower than the of the implanted protons and the
impurity may be activated by the laser annealing process.

In the method for producing a semiconductor device
according to the mvention, when the field stop layer with a
Rp of the implanted protons 1s formed, the acceleration
energy E of the protons may satisty the following Expres-

sion (2).

y==0.0047x%+0.0528x°-0.2211x°40.9923x+5.0474. Expression (2)

A semiconductor device according to the invention 1s an
IGBT including the field stop layer.

A semiconductor device according to the invention 1s an
FWD including the field stop layer.

According to the mnvention, after the proton implantation,
the hydrogen-induced donor i1s formed by the furnace
annealing process to form the n-type field stop layer. In
addition, the disorder generated in the proton passage region
1s reduced by the laser annealing process to form the
disorder reduction region. The formation of the disorder
reduction region makes it possible to prevent deterioration
of electrical characteristics, such as an increase 1n the
conduction resistance or leakage current of a semiconductor
device. As a result, 1t 1s possible to provide a stable and
inexpensive semiconductor device and a method for pro-
ducing the same.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing advantages and features of the mmvention
will become apparent upon reference to the following
detailed description and the accompanying drawings, of
which:

FIG. 1 1s a process tlow diagram 1llustrating a method for
producing a semiconductor device (IGBT 100) according to
Embodiment 1 of the invention.

FIG. 2 1s a diagram illustrating carrier concentration
profiles 12 and 13 1n the vicinity of an n-type field stop layer
3 when a laser annealing process 1s performed and when the
laser annealing process 1s not performed, respectively.

FIG. 3A 1s a cross-sectional view illustrating a main
portion of the IGBT 100 produced by the process flow of
FIG. 1 and FIG. 3B 1s a diagram illustrating the carrier
concentration profile 1 the vicinity of the n-type field stop
layer 3.

FI1G. 4 15 a process tlow diagram 1llustrating a method for
producing a semiconductor device according to Embodi-
ment 2 of the invention.
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FIG. SA 1s a cross-sectional view 1illustrating a main
portion of a semiconductor device (IGBT 100) according to
Embodiment 3 of the invention and FIG. 3B 1s a diagram
illustrating the carrier concentration profile in the vicinity of
an n-type field stop layer 3.

FIGS. 6A, 6B and 6C are characteristic diagrams 1llus-
trating the carrier concentration distributions of a semicon-
ductor device produced by a method according to the related
art for each projected range.

FIG. 7 1s a characteristic diagram 1llustrating a threshold
voltage at which a voltage wavelorm starts to oscillate.

FIG. 8 1s a diagram 1illustrating the turn-off oscillation
wavelorm of a general IGBT.

FIG. 9 1s a characteristic diagram 1llustrating the relation-
ship between the projected range of protons and the accel-
cration energy of the protons 1n the semiconductor device
according to the mnvention.

FIG. 10 1s a table 1llustrating the position conditions of a
field stop (FS) layer which a depletion layer reaches first in
the semiconductor device according to the imnvention.

FIGS. 11A, 11B and 11C are graphs illustrating the
comparison among the carrier concentration distributions of
a sample which 1s formed only by furnace annealing for each
projected range of proton implantation when the projected
range 1s around 135 um.

FIGS. 12A and 12B are cross-sectional views illustrating,
an IGBT according to the invention.

FIGS. 13A and 13B are cross-sectional views illustrating
a diode according to the invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Hereinafter, a semiconductor device and a method for
producing the same according to exemplary embodiments of
the mmvention will be described 1n detail with reference to the
accompanying drawings. In the specification and the accom-
panying drawings, in the layers or regions having “n” or “p”
appended thereto, an electron or a hole means a majority
carrier. That 1s, “n” indicates an n type and *“p” indicates a
p type. In the description of the following embodiments and
the accompanying drawings, the same components are
denoted by the same reference numerals and the description

thereof will not be repeated.

Embodiment 1

FIG. 1 1s a process flow diagram illustrating a method for
producing a semiconductor device (IGBT 100) according to
Embodiment 1 of the mnvention. FIG. 3A 1s a cross-sectional
view 1llustrating a main portion of the IGBT 100 produced
by the process flow shown i FIG. 1 and FIG. 3B 1s a
diagram 1illustrating a carrier concentration profile in the
vicinity of an n-type field stop layer 3. Next, the method for
producing the semiconductor device according to Embodi-
ment 1 of the invention will be described with reference to
the process flow of FIG. 1 and the cross-sectional view of
FIG. 3A.

First, 1n a front surface forming process shown in (a) of
FIG. 1, a MOS gate structure including, for example, a p
base layer 22, an n emitter layer 2, a gate insulating film 23,
a gate electrode 24, and an interlayer insulating film 28 1s
formed on one main surface (ifront surface 11a) of an n
semiconductor substrate (wafer) 11. However, the n emitter
layer 2 1s formed 1n the p base layer 22. The configuration
of the MOS gate structure will be described below.
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Then, 1n a front electrode process shown 1 (b) of FIG. 1,
an emitter electrode 25, which 1s a metal film that commonly
comes 1nto conductive contact with the surfaces of both the
p base layer 22 and the n emitter layer 2 and 1s also a surface
clectrode, 1s formed. Examples of the metal material form-

ing the emitter electrode 25 include Al (aluminum), an Al
alloy, such as Al—=Si1 (silicon) or Al—Cu (copper), Cu, Au

(gold), and N1 (nickel).

Then, 1n a surface protective film forming process shown
in (¢) of FIG. 1, a surface protective film which protects a
front surface 11a 1s formed. The surface protective film 1s
made of a protective tape, a photoresist, or polyimide. Then,
in a rear surface grinding process shown 1n (d) of FIG. 1, a
rear surface 115 of the n semiconductor substrate 11 (n drift
layer 1) 1s ground (back grinding) to a predetermined
thickness which 1s determined by the relationship with a
breakdown voltage.

In a proton implantation process shown 1n (e) of FIG. 1,
proton implantation 16 1s performed from a rear surface 115.
The wrradiation energy of the proton implantation 16 1is
selected to form the n-type field stop layer 3 at a predeter-
mined depth. The projected range Rp of the implanted
protons from the rear surface 115 (ground surface) 1s deeper
than 15 um. In some cases, the projected range Rp 1s in the
projected range of 20 um to 400 um, depending on the rated
voltage. Specifically, the projected range Rp of the
implanted proton from the rear surface 1156 (the ground
surface) 1s, for example, 1n the projected range of 20 um to
60 um. The depth of the FS layer, which 1s formed at the
deepest position from the rear surface 115, according to the
rated voltage will be described below.

In a furnace annealing process shown i (1) of FIG. 1,
furnace annealing 1s performed to the n-type field stop layer
3 using the change of protons into donors. The furnace
annealing process puts a waler into a constant-temperature
furnace, such as an electric furnace with a constant tem-
perature and performs a heat treatment to heat the entire
waler. The processing temperature of the furnace annealing,
process 1s 1n the range of 350° C. to 550° C. and the
processing time 1s 1n the range of 1 to 10 hours. In the
temperature range, crystal defects remain i the projected
range Rp of protons and a proton passage region 14 and the
formation of hydrogen-induced donors by the proton
implantation 16 1s accelerated. In addition to the furnace
annealing, for example, lamp annealing may be used to heat
the entire water. In the temperature range, disorder which 1s
introduced by the proton implantation 16 also remains 1n the
proton passage region 14 (a region from a proton implan-
tation surface to the projected range Rp) to form a disorder
region 15. The remaining disorder 1s the generation center of
carriers which cause a reduction in the mobility of the
carriers or a leakage current.

In a boron implantation process shown in (g) of FIG. 1,
boron 1ons are implanted into the rear surface 115. The boron
ion 1mplantation 1s performed for a surface layer of the rear
surface 115 such that the projected range (Rp) of the protons
from the rear surface 1s shallow.

In a laser annealing process shown 1n (h) of FIG. 1, laser
light 1s radiated to the rear surface 115 for which the proton
implantation 16 has been performed to reduce the disorder
which remains in the furnace annealing, thereby forming an
n-type disorder reduction region 18, and to activate the
boron implanted into the shallow portion from the rear
surface 115, thereby forming a p collector layer 4. The laser
annealing process heats the projected range Rp of the
protons radiated to the rear surface 115 using, for example,

a YAG laser. The pulse width (half width) of the laser light
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1s 1n the range of, for example, 300 ns to 800 ns and the laser
light 1s radiated to the same portion several times. The
temperature of silicon in the irradiation portion 1s about
3000° C., but a heating time and a cooling time are very
short (an order of 10 ns to 1 us).

The penetration depth of the laser light 1s within the
penetration depth (projected range Rp) of the protons. Spe-
cifically, the wavelength of the laser light i1s selected such
that the penetration depth 1s from the position of the base
(the end 3a of the n-type field stop layer 3 close to the rear
surface 115) of a mountain (convex portion) with the peak
ol donor generation concentration (carrier concentration) by
the protons, which 1s close to the rear surface 115, to a proton
implantation surface (rear surface 11b) (a portion of the
proton passage region 14). It 1s preferable that the wave-
length of the laser light be 1n the range of 10 um to 1000 um.
In this case, 1t 1s possible to eflectively perform the forma-
tion of the n-type disorder reduction region 18 and the
activation of the boron at the same time. The temperature of
the portion irradiated with the laser light 1s equal to or higher
than 1000° C. In this case, 1t 1s possible to effectively form
the n-type disorder reduction region 18. It 1s preferable that
the temperature be equal to or higher than 2000° C. and
equal to or lower than the boﬂmg point (3266° C.) of S1. In
particular, the temperature 1s not higher than the melting
point of silicon. In this case, it 1s possible to prevent the
ablation (surface roughness) of the irradiation surface after
laser 1irradiation. In addition, a lamp annealing process may
be performed, instead of the laser annealing process. The
above-mentioned process makes 1t possible to form the
n-type disorder reduction region 18 between the proton
implantation surface and the projected range (Rp).

In a rear electrode forming process shown 1n (1) of FIG.
1, a collector electrode (not shown) which comes 1nto
conductive contact with the surface of the p collector layer
4 1s formed by, for example, vacuum sputtering. In this way,
the IGBT 100 according to the invention 1s completed. After
the sputtering 1s performed, a metal annealing process 1s
performed, 11 necessary. As such, the point of the production
method according to this embodiment 1s to perform both the

furnace annealing process and the laser annealing process.
The efl

ect of this method will be described below.

FIG. 11 shows graphs illustrating the comparison among,
the carrier concentration distributions for each projected
range Rp of the proton implantation which 1s around 15 um
when a sample 1s formed only by furnace annealing. FIG.
11A shows a case 1n which the projected range Rp 1s 50 um,
FIG. 11B shows a case in which the projected range Rp 1s
20 um, and FIG. 11C shows a case in which the projected
range Rp 1s 10 um. The furnace annealing temperature 1s
400° C. As shown in FIG. 11, when only the furnace
annealing 1s performed, the carrier concentration 1s greatly
reduced at a depth of about 5 um from the implantation
surface 1n any projected range Rp. Thus, as can be seen from
FIG. 11, when only the furnace annealing 1s performed, a
disorder remains at a depth of about 5 um from the implan-
tation surface, and 1t 1s diflicult to recover carrier mobility in
a region 1n the vicinity of the implantation surtace when only
the furnace annealing i1s performed.

As described above, when the laser annealing process 1s
performed after the furnace annealing process for changing
the protons into donors i1s performed, 1t 1s possible to
cllectively form the hydrogen-induced donors and reduce
the disorder which remains 1n the furnace annealing. It 1s
possible to form the n-type disorder reduction region 18. On
the other hand, the furnace annealing process alone 1s
isuilicient to reduce disorder and the laser annealing pro-
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cess alone 1s insuflicient to form the hydrogen-induced
donor. FIG. 2 shows the verification results of the carrier
concentration profile 1 the vicinity of the n-type field stop
layer 3 when the laser annealing process 1s performed and
when the laser annealing process 1s not performed.

FIG. 2 shows carrier concentration profiles 12 and 13 in
the vicinity of the n-type field stop layer 3 when the laser
annealing process 1s performed and when the laser annealing
process 1s not performed, respectively. After proton implan-
tation 1s performed for the silicon substrate, the furnace
annealing process (here, 400° C.) 1s performed. Then, the
disorder which remains in the furnace annealing 1s reduced
by the laser annealing process to form the n-type disorder
reduction region 18. The carrier concentration profile 12
shown i FIG. 2 1s obtained after the n-type disorder
reduction region 18 1s formed. For comparison, the carrier
concentration profile 13 when the laser annealing process 1s
not performed and the disorder remains 1s represented by a
dotted line. The projected range Rp of protons 1s 25 um and
the corresponding acceleration energy of the protons 1s 1.35
MeV. The energy density of the laser annealing process 1s
2.8 J/cm”.

In the carrier concentration profile 13 when the laser
annealing process 1s not performed, a disorder region 15 1s
spread 1n a region (a portion of the proton passage region 14)
between the base (that 1s, the end 3a of the n-type field stop
layer 3 close to the rear surtace 115) of the peak (mountain),
which 1s the projected range 17 (Rp) of the proton, to the
proton implantation surface (rear surface 115). The end 3a of
the base of the peak (mountain) close to the rear surface 115
1s at a depth of about 5 um from the implantation surface.
When the disorder region 15 i1s formed, the mobility of
clectrons and holes 1 the region i1s reduced. Therefore,
apparently, the carrier concentration of the disorder region
15 1s reduced (the resistance thereof increases). In addition,
the disorder 1s the generation center of carriers and the
leakage current increases when a voltage 1s applied.

In the carrier concentration profile 12 when the laser
annealing process 1s performed, the carrier concentration of
a portion of the proton passage region 14 from the implan-
tation surface (rear surface 115) to the end 3a of the n-type
field stop layer 3 close to the rear surface 115 1s substantially
equal to the concentration of the silicon substrate which 1s
deeper than the projected range 17. That 1s, the disorder
which remains in the proton passage region 14 when only
the furnace annealing process 1s performed 1s reduced by
both the laser annealing process and the furnace annealing
process. The region 1in which the disorder 1s reduced 1s
referred to as the n-type disorder reduction region 18. In
addition, a pair of one n-type field stop layer 3 and one
n-type disorder reduction region 18 which i1s adjacent to the
implantation surface 1s referred to as an n-type intermediate
layer 27.

Next, the difference between the n-type disorder reduction
region 18 1n the carrier concentration profile 12 when the
laser annealing process 1s performed and the disorder region
15 1n the carner concentration profile 13 when the laser
annealing process 1s not performed will be described. In
FIG. 2, as described above, 1t 1s apparent that the carrier
concentration 1s reduced 1n the disorder region 15. That 1s,
in the carrier concentration profile 13 when the laser anneal-
ing process 1s not performed which 1s represented by a
dotted line 1n FIG. 2, 1t 1s apparent that the carrier concen-
tration 1s reduced 1n the disorder region 15 before the n-type
field stop layer 3 1s formed (at a position shallower than the
n-type field stop layer 3 from the rear surface). The apparent
reduction 1n the carrier concentration 1s caused by a con-
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version method which calculates resistivity from the spread-
ing resistance measured by the known spreading resistance
method (SR method) and converts the resistivity into carrier
concentration. That 1s, 1n the disorder region 15 1n which a
crystal lattice 1s disordered, electrons or holes are scattered
by strong disorder, which results in a reduction in the
mobility of the carriers.

In general, 1n the measurement device, a theoretical value
in a crystal state 1s set to the value of carrier mobility.
Theretfore, the calculation of carrier concentration 1s aftected
by a reduction 1n the mobility of carriers by the disorder
region 15 as follows. For example, the electron mobility of
silicon at room temperature (about 300K) is 1360 (cm”/V-s)
and the hole mobility thereof is 495 (¢cm?*/V-s). The mobility
of carriers does not contribute to converting spreading
resistance 1nto resistivity. A conversion expression for con-
verting resistivity mto carrier concentration 1s represented
by p=1/(u-q-N) (where N is carrier concentration (cm ™) and
0 1s resistivity (£2-cm)). In addition, p 1s the mobility of
electrons or holes (cm®/V-s) and q is an elementary charge
(1.6x107'" C). In the conversion expression, when the resis-
tivity p 1s a constant value p, and an 1deal mobility value in
the crystal state which 1s greater than the reduced mobility
1s substituted into the position where the reduced mobaility
will be oniginally substituted, carrier concentration N 1s
calculated to be small since the resistivity p, 1s a constant
value. This appears as an apparent reduction in carrier
concentration in the carrier concentration profile 13 when
the laser annealing process 1s not performed as shown in
FIG. 2. Theretore, as 1n the invention, when the disorder of
the disorder region 15 which 1s formed in the proton passage
region 14 on the side of the rear surface 115 1s reduced by
the laser annealing process to form the n-type disorder
reduction region 18, electrical characteristics, such as a
leakage current, are improved.

As described above, the furnace annealing process 1is
needed 1n order to increase the donor generation rate of the
hydrogen-induced donor. In addition to the furnace anneal-
ing process, the laser annealing process 1s needed 1n order to
reduce the disorder which remains in the proton passage
region 14 and to form the n-type disorder reduction region
18. When the temperature of the furnace annealing process
1s too high, a reduction 1n the disorder generated by proton
implantation 1s accelerated, but the number of crystal defects
required to form the hydrogen-induced donors using protons
1s 1nsuflicient. As a result, the donor generation rate is
reduced. Therefore, the furnace annealing process may be
performed 1n the above-mentioned temperature range and
the processing time range.

When energy density in the laser annealing process 1s too
high, ablation occurs and the rear surface i1s roughened. It 1s
preferable that the pn junction plane of the p collector layer
be ftlat. When roughness occurs, the pn junction plane
corresponds to the shape of the roughness. On the other
hand, when the energy density 1s two low, the disorder 1n the
vicinity of the implantation surface (a depth of 5 um from
the implantation surface) 1s not suiliciently removed, but
remains. As a result, carrier mobility 1s reduced. The results
of the mnventors’ research proved that the sum of the energy
density of the laser irradiation surface in laser annealing was
preferably equal to or greater than 1 J/cm® and equal to or
less than 4 J/cm”.

FIG. 2 vernfies to what extent the carrier mobility in the
n-type disorder reduction region 18 can be recovered. In
FI1G. 2, the carnier concentration of the n semiconductor
substrate 11 is about 6x10'° (/em?). In contrast, when the
laser annealing process 1s performed, the carrier concentra-
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tion of a portion (a portion of the proton passage region)
from the implantation surface to a depth of 5 um 1s about
5%x10 (/cm”) and is recovered up to 83% of the substrate
concentration. That 1s, this shows that the carrier mobility 1s
recovered up to about 83% of the theoretical value of a
crystal. On the other hand, when the laser annealing process
1s not performed (only the furnace annealing process 1is
performed), the carrier mobility is about 1.2x10"° (/cm?) in
the implantation surface with the lowest carrier concentra-
tion and 1s reduced to about 20%. The minimum value of the
carrier mobility 1n the n-type disorder reduction region 18
depends on the reduction state of conduction loss (the
saturated voltage V .-(sat) of the IGBT). The minimum
value of the carrier mobility 1s equal to or greater than 20%
of the theoretical value of the crystal state and preferably
equal to or greater than 50% of the theoretical value. In this
case, the influence of the minimum value of the carrier
mobility 1s negligible, as compared to the conduction loss
when the carrier mobility 1s not reduced. In addition, the
upper limit of the mimmum value of the carrier mobility in
the n-type disorder reduction region 18 1s preferably 100%
of the theoretical value of the crystal state.

It 1s preferable that the temperature of the furnace anneal-
ing process be equal to or higher than 350° C. and equal to
or lower than 3550° C. When the temperature 1s lower than
350° C., disorder remains 1n the entire proton implantation
region from the implantation surface to the projected range
Rp and the minimum value of the carrier mobility 1s less
than 10%. On the other hand, when the temperature 1s equal
to or higher than 550° C., the hydrogen-induced donor
disappears. The temperature 1s more preferably equal to or
higher than 380° C. and equal to or lower than 450° C., and
most preferably equal to or higher than 400° C. and equal to
or lower than 420° C. In this case, 1t 1s possible to achieve
both the formation of the hydrogen-induced donor and the
suppression of a reduction 1n carrier mobility.

In some cases, the carrier concentration of the n-type
disorder reduction region 18 1s lower than the concentration
of the n-type field stop layer 3 and 1s higher than the
concentration of the n semiconductor substrate 11. This 1s
because the hydrogen ion remaining 1n the proton passage
region 14 and the neighboring point defect form a composite
defect. In this case, when the concentration of the proton
passage region 14 1s equal to or higher than the concentra-
tion of the n semiconductor substrate 11, disorder 1s reduced
in the n-type disorder reduction region 18.

The IGBT 100 produced by the process flow shown in
FIG. 1 will be described i detail with reference to FIG. 3.
As described above, the p base layer 22 1s formed 1n the front
surface 11a of the n semiconductor substrate 11 and the n
emitter layer 2 1s formed 1n a surface layer of the p base layer
22. The gate electrode 24 1s formed on a portion of the p base
layer 22 which 1s interposed between the n emitter layer 2
and the n semiconductor substrate 11, with the gate insulat-
ing film 23 interposed therebetween. The gate electrode 24,
the gate insulating film 23, the n semiconductor substrate 11,
and the n emitter layer 2 form the MOS gate structure. The
interlayer insulating film 28 1s formed on the gate electrode
24 and the emuitter electrode 25 which comes mto conductive
contact with the n emitter layer 2 and the p base layer 22 1s
formed on the mterlayer insulating film 28.

The n-type field stop layer 3 with a higher carnier con-
centration than the n semiconductor substrate 11 1s formed
in the rear surface 115 of the n semiconductor substrate 11
by proton implantation and furnace annealing. The p col-
lector layer 4 and the n-type disorder reduction region 18 are
formed at a position that 1s shallower than the n-type field
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stop layer 3 by boron 1on implantation and a laser annealing,
process for reducing disorder. A collector electrode (not

shown) 1s formed on the p collector layer 4. In this way, the
IGBT 100 1s completed. However, the n semiconductor
substrate 11 from the n-type field stop layer 3 to the p base
layer 22 1s the n drift layer 1 1n which the main current tlows
to maintain the main breakdown voltage. The cross-sec-
tional view of the formed IGBT 100 1s shown 1n FIG. 12.
FIG. 12 1s a cross-sectional view illustrating the IGBT
according to the invention. A leakage stop layer 32 with
concentration that 1s higher than that of the n-type field stop
layer 3 and 1s lower than that of the p collector layer 4 may
be formed between the p collector layer 4 and the n-type
disorder reduction region 18. The leakage stop layer 32 is
formed by, for example, phosphorus 1on 1implantation.

As described above, the n-type field stop layer 3 of the
IGBT 100 1s formed by performing the proton implantation
16 from the rear surface 115 and performing the furnace
annealing process such that an appropriate number of crystal
defects, thereby changing protons into donors. The forma-
tion of the n-type disorder reduction region 18 by a reduction
in the disorder formed by the proton passage region 14 is

cellectively performed by the laser annealing process of
radiating laser light to the rear surface 115. The IGBT 100

shown 1n FIG. 3 and the IGBT 100 shown 1n FIG. 12 have
different MOS gate structures (FIG. 3 shows a planar gate
structure and FIG. 12 shows a trench gate structure). How-
ever, when the n-type intermediate layer 27 formed by a pair
of the n-type field stop layer 3 and the n-type disorder
reduction region 18 1s formed in the rear surface 115, the two
structures have the same effect. The structure which includes
two or more n-type intermediate layers 27 as shown 1n FIG.
12 will be described below. In FIG. 12, similarly to FIG. 3,
reference numeral 22 denotes a p base layer, reference
numeral 23 denotes a gate insulating film, reference numeral
24 denotes a gate electrode, reference numeral 25 denotes an
emitter electrode, and reference numeral 28 denotes an
interlayer isulating film. In addition, reference numeral 33
denotes a collector electrode.

Embodiment 2

A semiconductor device according to Embodiment 2 will
be described. FIG. 4 1s a process flow 1llustrating a method
for producing the semiconductor device according to
Embodiment 2 of the imnvention.

Embodiment 2 differs from Embodiment 1 in that proton
implantation 1s followed by boron implantation (a process
(e¢) of FIG. 4) and then a laser annealing process (a process
(1) of FIG. 4) and a furnace annealing process (a process (g)
of FIG. 4) are sequentially performed. In this case, 1n the
laser annealing process which 1s performed first, boron 1s
activated to form the p collector layer 4 at the same time as
the n-type disorder reduction region 18 i1s formed in the
proton passage region 14 formed by the proton implantation
16. In the furnace annealing process, which 1s a post-
process, protons are changed into donors to form the n-type
field stop layer 3. In this case, similarly to Embodiment 1,
the n-type disorder reduction region 18 1s formed by a
combination of the laser annealing process and the furnace
annealing process and the donor generation rate increases to
form the n-type field stop layer 3. The formation of the
n-type disorder reduction region makes 1t possible to
improve electrical characteristics, such as the leakage cur-
rent of the semiconductor device.

In the process tlow shown 1n FIG. 1, the front surface 11a
opposite to the proton implantation surface (rear surface
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116) shown 1n FIG. 3 1s covered with a protective film, the
protective film 1s removed after the proton implantation 16,
and furnace annealing 1s performed. Then, a second protec-
tive film as a protective film for second boron 10n implan-
tation 1s formed and laser annealing 1s performed. That 1s,
the protective film needs to be formed two times. In contrast,
in the process tlow shown 1n FIG. 4, after the laser annealing
process, the process of removing the protective film may be
performed only once. Therefore, it 1s possible to reduce
manufacturing costs, as compared to the process tlow shown
in FIG. 1.

However, the semiconductor device (IGBT 100) produced
by the process tlow shown in FIG. 4 has the same structure
as that shown 1n FIG. 3.

Embodiment 3

A semiconductor device according to Embodiment 3 waill
be described. The semiconductor device according to
Embodiment 3 1s an IGBT including one or more n-type
intermediate layers 27 each including a pair of an n-type
field stop layer 3 and an n-type disorder reduction region 18.
For example, i this embodiment, three n-type intermediate
layers 27 are formed. FIG. SA 1s a cross-sectional view
illustrating a main portion of the semiconductor device
(IGBT 100) according to Embodiment 3 of the invention and
FIG. 5B 1s a diagram illustrating a carrier concentration
profile 1n the vicinity of the n-type field stop layer 3. As such,
when a plurality of n-type intermediate layers 27 are formed,
it 1s possible to relax the spreading of a depletion layer when
the semiconductor device 1s turned off. Therefore, 1t 1s
possible to suppress an oscillation phenomenon during
switching (when the semiconductor device 1s turned off).

Embodiment 4

Next, the preferred position of a first proton peak 1n a
plurality of proton 1rradiation operations 1in a method for
producing a semiconductor device according to Embodi-
ment 4 of the invention will be described.

FIG. 8 shows the turn-off oscillation waveform of a
general IGBT. When a collector current 1s equal to or less
than one-tenth of the rated current, 1n some cases, the
number of carriers accumulated 1s small and oscillation
occurs before the turning-ofl of the IGBT ends. The collector
current 1s fixed to a certain value and the IGBT 1s turned off
by a different power supply voltage V ... In this case, when
the power supply voltage V.~ 1s greater than a predeter-
mined value, 1t 1s greater than the peak value of a general
overshoot voltage 1n the voltage wavelorm between the
collector and the emitter and an additional overshoot occurs.
The additional overshoot (voltage) serves as a trigger and
the subsequent wavetorm oscillates. When the power supply
voltage V.. 1s greater than the predetermined value, the
additional overshoot voltage further increases and the sub-
sequent oscillation amplitude also increases. As such, a
threshold voltage at which the voltage waveform starts to
oscillate 1s referred to as an oscillation start threshold value
Vierno When the oscillation start threshold value Vg,
increases, the IGBT does not oscillate when 1t 1s turned off,
which 1s preferable.

The oscillation start threshold value V, depends on the
position of a first proton peak that a depletion layer (strictly,
a space charge region since there 1s a hole), which 1s spread
from the pn junction between a p base layer and an n dnit
layer of the IGBT to the n drift layer, reaches first, among a
plurality of proton peaks. The reason 1s as follows. When the
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depletion layer 1s spread from the pn junction between the p
base layer and the n drift layer to the n drift layer at the time
the IGBT 1s turned off, the end of the depletion layer reaches
the first field stop (FS) layer (closest to the p base layer) and
the spreading of the depletion layer 1s suppressed. The
sweep ol the accumulated carriers 1s weakened. As a result,
the depletion of the carriers 1s suppressed and oscillation 1s
suppressed.

When the IGBT 1s turned off, the depletion layer 1s spread
from the pn junction between the p base layer and the n drift
layer (hereinafter, simply referred to as the pn junction)
toward the collector electrode in the depth direction. There-
fore, the peak position of the FS layer which the end of the
depletion layer reaches first 1s the FS layer which 1s closest
to the pn junction. Here, the thickness of the n semiconduc-
tor substrate (the thickness of a portion interposed between
the emitter electrode and the collector electrode) 1s WO and
the depth of the peak position of the FS layer which the end
of the depletion layer reaches first from the interface
between the collector electrode and the rear surface of the n
semiconductor substrate 11 (hereinafter, referred to as a
distance from the rear surface) 1s X. A distance index L 1s
introduced. The distance index L 1s represented by the
following Expression (1).

eV, . Expression (1)

JF

Vi

+Nd]

The distance 1ndex L represented by the above-mentioned
Expression (1) 1s an index indicating the distance of the end
(depletion layer end) of the depletion layer (exactly, a space
charge region), which 1s spread from the pn junction to the
n drift layer 1, from the pn junction when a voltage V .
between the collector and the emitter 1s a power supply
voltage V . at the time the IGBT 1s turned off. In a fraction
in the square root, a denominator indicates the space charge
density of the space charge region (depletion layer) when the
IGBT 1s turned ofl. The known Poisson equation 1s repre-
sented by divE=p/e, 1n which E 1s electric field intensity, p
1s space charge density, and p=q(p—n+N _~N ) 1s established.
Here, q 1s an elementary charge, p 1s hole concentration, n
1s electron concentration, N , 1s donor concentration, N 1s
acceptor concentration, and €. 1s the permittivity of a semi-
conductor. In particular, the donor concentration N , 1s aver-
age concentration obtained by integrating the n drift layer in
the depth direction and dividing the integrated value by the
distance of the integrated section. The net doping concen-
tration shown 1n FIG. 13(d) 1s the net doping concentration
of N _~N and the axis indicates the absolute value of N _—N .

The space charge density p 1s described by the hole
concentration p passing through the space charge region
(depletion layer) when the IGBT 1s turned off and the
average donor concentration N, of the n dnit layer. The
clectron concentration 1s lower than these concentrations so
as to be negligible and there 1s no acceptor. Therefore,
p=q(p+N ,) 15 established. In this case, the hole concentra-
tion p 1s determined by a breaking current of the IGBT. In
particular, since a situation in which the element 1s being
energized 1s assumed, the rated current density of the
clement 1s expressed as p=J/(qv_ ). In addition, J. 1s the
rated current density of the element and v__, 1s a saturated

velocity 1n which the speed of the carrier 1s saturated with
predetermined electric field intensity.
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The Poisson equation 1s integrated with respect to the
distance x two times and the voltage V satisfies E=—gradV
(the relationship between the known electric field E and the
voltage V). Therefore, under appropriate boundary condi-
tions, V=(12)(p/e)x” is established. The length x of the space
charge region obtained when the voltage V i1s half of the
rated voltage V. 1s the distance index L. This 1s because an
operation voltage (power supply voltage), which is the
voltage V, 1s about half of the rated voltage in the actual
device such as an inverter. Since the doping concentration of
the FS layer 1s higher than that of the n dnit layer, the FS
layer prevents the expansion of the space eharge region
which 1s spread at the time the IBGT 1s turned ofl. In a case
in which the collector current of the IGBT starts to be
reduced from the breaking current due to the turn-oif of a
MOS gate, when the peak position of the FS layer which the
depletion layer reaches first 1s 1n the length range of the
space charge region, it 1s possible to suppress the expansion
of the space charge region, with the accumulated carriers
remaining in the n drift layer. Therefore, the sweep of the
remaining carriers 1s suppressed

In the actual turmng ofl operation, for example, when an
IGBT module 1s driven by a known PWM inverter, the
power supply voltage or the breaking current is not fixed, but
1s variable. Therefore, 1n this case, the preferred peak
position of the FS layer which the depletion layer reaches
first needs to have a given width. According to the results of
the 1nventors” research, the distance X of the peak position
of the FS layer which the depletion layer reaches first from
the rear surface 1s as shown 1n FIG. 10. FIG. 10 1s a table
illustrating the position conditions of the FS (field stop)
layer which the depletion layer reaches first in the semicon-
ductor device according to the invention. FIG. 10 shows the
distance X of the peak position of the FS layer which the end
of the depletion layer reaches first from the rear surface at a
rated voltage of 600 V to 6500 V. Here, X=WO-vL 1s
established and v 1s a coeflicient. FIG. 10 shows the distance
X when v 1s changed from 0.7 to 1.6.

As shown 1n FIG. 10, at each rated voltage, the element
(IGBT) 1s safely designed so as to have a breakdown voltage
which 1s about 10% higher than the rated voltage. As shown
in FIG. 10, the total thickness of the n semiconductor
substrate (the thickness during a finishing process after the
n semiconductor substrate 1s thinned by, for example, grind-
ing) and the average resistivity of the n drift layer are set
such that an on-voltage or turn-ofl loss is sufliciently
reduced. The term ‘average’ means the average concentra-
tion and resistivity of the entire n drift layer including the FS
layer. The rated current density has the typical value shown
in FIG. 10 due to the rated voltage. The rated current density
1s set such that energy density which 1s determined by the
product of the rated voltage and the rated current density has
a substantially constant value and has nearly the value
shown 1n FIG. 10. When the distance index L 1s calculated
using these values according the above-mentioned Expres-
sion (1), the value shown in FIG. 10 1s obtained. The
distance X of the peak position of the FS layer which the end
of the depletion layer reaches first from the rear surface is
obtained by subtracting the product of the distance index L
and v, which 1s 1n the range of 0.7 to 1.6, from the thickness
WO of the n semiconductor substrate 11.

The coeflicient v for determining the distance X of the
peak position of the FS layer which the end of the depletion
layer reaches first from the rear surface, at which turn-oif
oscillation 1s sufliciently suppressed, 1s as follows with
respect to the distance index L and the thickness WO of the
n semiconductor substrate 11. FIG. 7 1s a characteristic
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diagram 1illustrating a threshold voltage at which the voltage
wavelorm starts to oscillate. Specifically, FIG. 7 1s a graph
illustrating the dependence of V.., on v at some typical
rated voltages V,___ (600V, 1200 V, and 3300 V). In FIG. 7,
the vertical axis indicates a value obtained by standardizing
V »»o With the rated voltage V, .. As can be seen from FIG.
7, Voro can be rapidly increased at three rated voltages
when v 1s equal to or less than 1.6.

As described above, 1n the actual apparatus, such as an
inverter, since the operation voltage (power supply voltage
V~~), which 1s the voltage V, i1s about half of the rated
voltage V, . Therefore, when V.~ 1s halft of V___ . 1t 1s
necessary to prevent the occurrence of at least the turn-ofl
oscillation of the IGBT. That 1s, the value of V,,./V,
needs to be equal to or greater than 0.5. As can be seen from
FIG. 7, the value of V. /V, __ 1s equal to or greater than 0.5
at vy of 0.2 to 1.5. Therefore, 1t 1s preferable that v be 1n the
range of at least 0.2 to 1.3.

At all of a rate voltage of 600V to 1200 V (for example,
800 V or 1000 V), a rate voltage of 1200 V to 3300 V (for
example, 1400 V, 1700 V, or 2500 V), and a rate voltage of
3300 V or more (for example, 4500 V or 6500 V), the value
of Vo,V . doesnot greatly from three curves and has the
same dependence (the value of V., with respect to v). As
can be seen from FIG. 7, when v 1s 1n the range of 0.7 to 1.4,
it 1s possible to sufliciently increase V.., at any rated
voltage.

When v 1s less than 0.7, the avalanche breakdown voltage
of the element 1s likely to be lower than the rated voltage
since V., 15 equal to or higher than about 80% of the rated
voltage, but the FS layer 1s close to the p base layer.
Theretore, it 1s preferable that v be equal to or greater than
0.7. When vy 1s greater than 1.4, V., 1s rapidly reduced from
about 70% and turn-ofl oscillation 1s likely to occur. There-
fore, 1t 1s preferable that v be equal to or less than 1.4. In
addition, v 1s more preferably in the range of 0.8 to 1.3 and
most preferably in the range of 0.9 to 1.2. In this case, 1t 1s
possible to maximize V ., while sufliciently increasing the
avalanche breakdown voltage of the element to be higher
than the rated voltage.

The important point 1n the effect of the imnvention shown
in FIG. 7 1s that the range of vy capable of sufliciently
increasing V »», 1s substantially the same (0.7 to 1.4) at any
rated voltage. The reason 1s that 1t 1s most eflective to set the
range of the distance X of the peak position of the FS layer
which the depletion layer reaches first from the rear surface
to be substantially centered on WO-L (that 1s, y=1.0). It 1s
most eflective to include y=1.0 since power density (the
product of the rated voltage and the rated current density) 1s
substantially constant (for example, 1.8x10° VA/cm” to
2.6x10° VA/cm®). That is, when the voltage of the element
corresponds to the rated voltage during switching, such as
turn-off, the distance (depth) of the end of the space charge
region 1s about the distance index L represented by the
above-mentioned Expression (1). When the peak position of
the FS layer which 1s deepest from the rear surface 1s the
position of L (that 1s, v 1s about 1.0), 1t 1s possible to suppress
oscillation during switching. Since the power density 1is
substantially constant, the distance index L 1s proportional to
the rated voltage V,__ . Therefore, 1n the range having yv=1.0
as 1ts substantial center, 1t 1s possible to sufliciently increase
V.»o at any rated voltage V, . As a result, it 1s possible to
maximize the eflect of suppressing oscillation during
switching.

As described above, when the distance X of the peak
position of the FS layer which the end of the depletlen layer
reaches first 1s 1n the above-mentioned range, a suflicient
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number of accumulated carriers can remain in the IGBT at
the time the IGBT 1s turned ofl, and 1t 1s possible to suppress
the oscillation phenomenon at the time the IGBT 1s turned
ofl. Therefore, for the distance X of the peak position of the
FS layer which the end of the depletion layer reaches first,
the coethicient v of the distance index L may be in the
above-mentioned range at any rated voltage. In this case, 1t
1s possible to eTectively suppress the oscillation phenom-
enon when the IGBT is turned off.

As can be seen from FIG. 10, when the depth of the first
FS layer, which 1s deepest from the rear surface, from the
rear surface 1s about y=1 at a rated voltage of 600 V or more
as described above, the distance index L 1s more than a depth
of 20 um at any rated voltage. That 1s, the projected range
Rp1 of the protons for forming the first proton peak 1s deeper
than 15 um from the rear surface of the substrate and 1s equal
to or more than 20 um 1n order to maximize the effect of
suppressing oscillation.

Embodiment 5

The acceleration energy of protons im a method for
producing a semiconductor device according to Embodi-
ment 5 of the mnvention will be described. The acceleration
energy of the protons may be determined from the charac-
teristic graph shown 1n FIG. 9 1n order to form an FS layer
which a depletion layer reaches first and which has a peak
position that 1s at a distance X from the rear surface, using
proton irradiation, such that the above-mentioned range of v
1s satisfied in practice. FIG. 9 1s a characteristic diagram
illustrating the relationship between the projected range of
the protons and the acceleration energy of the protons in the
semiconductor device according to the invention.

The results of the inventors’ research proved that, for the
projected range Rp (the peak position of the FS layer) of the
protons and the acceleration energy E of the protons, when
the logarithm log(Rp) of the projected range Rp of the
protons was X and the logarithm log(E) of the acceleration
energy E of the protons was vy, x and vy satisfied the following
relationship represented by Expression (2).

y=-0.0047x"+0.0528x°-0.2211x°+0.9923x+5.0474  Expression (2)

FIG. 9 1s a characteristic graph indicating the above-
mentioned Expression (2). FIG. 9 shows the acceleration
energy ol the protons for obtaining the desired projected
range of the protons. In FIG. 9, the horizontal axis 1s the
logarithm log(Rp) of the projected range Rp of the protons
and indicates the projected range Rp (m) corresponding to
the parentheses below the axis value of log(Rp). In addition,
the vertical axis 1s the logarithm log(E) of the acceleration
energy E of the protons and indicates the acceleration energy
E of the protons corresponding to the parentheses on the left
side of the axis value of log(E). The above-mentioned
Expression (2) 1s obtained by fitting the value of the loga-
rithm log(Rp) of the projected range Rp of the protons and
the value of the logarithm log(E) of the acceleration energy,
which are obtained by, for example, experiments, with a
four-order polynomial of x (=log(Rp)).

The following relationship may be considered between
the actual acceleration energy E' and an average projected
range Rp' (proton peak position) which 1s actually obtained
by, for example, the spreading resistance (SR) method when
the above-mentioned fitting equation 1s used to calculate the
acceleration energy E of proton 1rradiation from the desired
average projected range Rp of the protons and the protons
are 1mplanted into a silicon substrate with the calculated
value of the acceleration energy.
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When the actual acceleration energy E' 1s 1n the range of
about £10% of the calculated value E of the acceleration

energy, the actual average projected range Rp' 1s within the
range ol about £10% of the desired average projected range
Rp and 1s in a measurement error range. Therefore, the
influence of a variation 1n the actual average projected range
Rp' from the desired average projected range Rp on the
clectrical characteristics of an IGBT 1s so small to be
negligible. When the actual acceleration energy E' 1s 1n the
range of £10% of the calculated value E, it 1s possible to
determine that the actual average projected range Rp' i1s
substantially equal to the set average projected range Rp.
Alternatively, when the actual average projected range Rp' 1s
in the range of about £10% of the average projected range
Rp obtained by applying the actual acceleration energy E' to
the above-mentioned Expression (2), no problem occurs.

In the actual accelerator, since the acceleration energy E
and the average projected range Rp are both in the above-
mentioned ranges (£10%), 1t 1s considered that the actual
acceleration energy E' and the actual average projected
range Rp' follow the above-mentioned fitting equation rep-
resented by the desired average projected range Rp and the
calculated value E and no problem occurs. In addition, a
variation or error range may be equal to or less than £10%
of the average projected range Rp. When the variation or
error range 1s within the range of 5%, 1t can be considered
that the actual acceleration energy E' and the actual average
projected range Rp' follow the above-mentioned Expression
(2).

The above-mentioned Expression (2) 1s used to calculate
the acceleration energy E of the protons required to obtain
the desired projected range Rp of the protons. The accel-
eration energy E of each proton for forming the FS layer 1s
also calculated by the above-mentioned Expression (2) and
1s well matched with the value of a sample measured by the
known spreading resistance measurement method (SR
method) after proton irradiation 1s performed with the
above-mentioned acceleration energy E'. Therefore, when
the above-mentioned Expression (2) 1s used, it 1s possible to
predict the required acceleration energy E of protons with
high accuracy, on the basis of the projected range Rp of the

protons.

Embodiment 6

A semiconductor device according to Embodiment 6 will
be described. The process flow shown i FIG. 1 1s an
example of the process flow for producing the IGBT 100 and
can be applied to a diode. In this case, the process (a) of FIG.
1 1s a process for forming an anode layer. In the process (e)
of FIG. 1, boron 1s replaced with phosphorus or arsenic and
a cathode layer 1s formed by the process (1) of FIG. 1. The
cross-sectional view of the diode which 1s formed 1n this
way 1s shown 1n FIG. 13. FIG. 13 1s a cross-sectional view
illustrating the diode according to the mvention. A p anode
layer 52 1s formed 1n the front surface of a semiconductor
substrate which will be an n drift layer 1 and an n cathode
layer 53 1s formed 1n the rear surface. Reference numeral 51
denotes an anode electrode and reference numeral 54
denotes a cathode electrode. For example, the position or
concentration of a field stop layer 3, an n-type disorder
reduction region 18, and a n-type intermediate layer 27
which 1s a combination of the field stop layer 3 and the
n-type disorder reduction region 18 1s approprately
adjusted, similarly to the IGBT. In Embodiment 6, in the
diode, the preferred position of the first proton peak position
among a plurality of proton wrradiation operations is the
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same as that 1n the IGBT when the turn-ofl oscillation 1s
replaced with reverse recovery oscillation and the oscillation
start threshold value V., 1s the threshold voltage of the
power supply voltage V__ at which the voltage waveform of
the diode starts to oscillate.

In each of the above-described embodiments, various
modifications and changes can be made without departing
from the scope and spirit of the mvention. In the above-
described embodiments, the hydrogen 1ons implanted into
the semiconductor substrate described as protons. However,
for example, double hydrogen 10ns and triple hydrogen 10ns
may be implanted. The range of the double hydrogen 1ons
and the triple hydrogen 1ons is shorter than that of protons
since the mass thereof 1s increased due to a neutron. There-
fore, 1t 1s preferable to use protons in order to form the
n-type mtermediate layer 27 at a deep position from the
surface of the semiconductor substrate.

As described above, the semiconductor device and the
method for producing the semiconductor device according
to the invention are usetul as power semiconductor devices

used for power conversion apparatuses such as converters or
inverters.

Thus, a semiconductor device and a method for producing
the same have been described according to the present
invention. Many modifications and variations may be made
to the technmiques and structures described and illustrated
herein without departing from the spirit and scope of the
invention. Accordingly, 1t should be understood that the
devices and methods described herein are illustrative only
and are not limiting upon the scope of the ivention.
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What 1s claimed 1s:

1. A semiconductor device, comprising:

a semiconductor substrate having a front surface, a rear
surface, an n-type drit layer, and a collector layer, the
collector layer being disposed at the rear surface of the
semiconductor substrate:
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a plurality of n-type intermediate layers provided between
the drift layer and the collector layer, each of the
plurality of n-type intermediate layers including a pair
of layers comprising;:

an n-type field stop layer having a higher concentration
than the n-type drift layer and being disposed at least 15
um from the rear surface of the semiconductor sub-
strate; and

an n-type disorder reduction region having a lower con-
centration than the n-type field stop layer and being
disposed between the collector layer disposed at the
rear surface of the semiconductor substrate and the
n-type field stop layer.

2. The semiconductor device according to claim 1,
wherein the field stop layer includes a hydrogen-induced
donor.

3. The semiconductor device according to claim 1,
wherein carrier mobility in the disorder reduction region 1s
lower than carrier mobility 1n the drift layer.

4. The semiconductor device according to claim 1,
wherein a minimum value of the carner mobility in the
disorder reduction region 1s greater than or equal to 20% of
the carrier mobility 1n a crystal state.

5. The semiconductor device according to claim 1,
wherein a doping concentration of the disorder reduction
region 1s equal to or higher than a doping concentration of
the driit layer.

6. The semiconductor device according to claim 1, further
comprising: a p-type base layer provided in a surface layer
of a first main surface of a semiconductor substrate, which
1s the n-type driit layer, and has a higher concentration than
the n-type drift layer;

wherein, when q 1s an clementary charge, N, i1s the
average concentration of the drift layer, €_ 1s the per-
mittivity of the semiconductor substrate, V,__ 1s arated
voltage, J.. 1s rated current density, and v_ . 1s a satu-
rated velocity 1n which a carrier speed 1s saturated with
predetermined electric field itensity, a distance index
L 1s represented by the following Expression (1):

Ferle

Expression (1)

and when the depth of the position where the carrier
concentration 1s the maximum 1n the field stop layer
which 1s adjacent to the base layer, with the dnit layer
interposed therebetween, from the second main surface

1s X and the thickness of the semiconductor substrate 1s
WO, X=WO0-vL 1s established and v 1s 1n the range of

0.2 to 1.3.

7. The semiconductor device according to claim 1,
wherein the field stop layer 1n an n-type mtermediate layer
among the plurality of n-type intermediate layers which
comes into contact with the n-type dnit layer comes into
contact with the n-type drift layer, and the disorder reduction
region 1n an n-type mtermediate layer among the plurality of
n-type intermediate layers which comes into contact with the
collector layer comes into contact with the collector layer.

8. A method for producing a semiconductor device having
a semiconductor substrate including a front surface, a rear
surface, and an n-type driit layer, the method comprising:

performing proton implantation from the rear surface of

the semiconductor substrate, a range of the implanted
protons being greater than or equal to 15 um;
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performing 10n implantation from the rear surface of the
semiconductor substrate:

first heating the entire semiconductor substrate at a tem-
perature by furnace annealing after the proton implan-
tation, thereby forming an n-type field stop layer hav-
ing a higher concentration than the n-type drift layer
and being disposed at least 15 um from the rear surface
of the semiconductor substrate, the temperature of the
furnace annealing being greater than or equal to 350° C.
and less than or equal to 550° C.; and

second heating the semiconductor substrate by laser
annealing aiter the 1on implantation, thereby activating
the implanted 1ons to form a collector layer and form-
ing an n-type disorder reduction region, the n-type
disorder reduction region having a lower concentration
than the n-type field stop layer and being disposed
between the collector layer and the n-type field stop

layer.

9. The method of claim 8, wherein the first heating the
semiconductor substrate by furnace annealing occurs before
the second heating the semiconductor substrate by laser
annealing.

10. The method of claim 8, wherein the second heating the
semiconductor substrate by laser annealing occurs before the
first heating the semiconductor substrate by furnace anneal-
ing.

11. The method of claim 8, wherein the proton 1mplan-
tation 1s performed a plurality of times.

12. The method of claim 8, wherein the forming of the
field stop layer and the forming of the disorder reduction
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region are performed after grounding a rear surface of the
semiconductor substrate and before forming a rear electrode.

13. The method of claim 8, wherein the forming of the
field stop layer 1s performed after performing the proton

implantation and before forming the disorder reduction
region.

14. The method of claim 8, wherein the forming of the
disorder reduction region 1s performed after performing the
proton 1mplantation and before forming the field stop layer.

15. The method of claim 8, wherein a YAG laser or a
semiconductor laser 1s used 1n the laser annealing process.

16. The method of claim 8, further comprising implanting
impurity 1ons into a surface layer of the one main surface
which 1s shallower than the range of the implanted protons
and activating the impurity ions using the laser annealing
process alter the proton implantation and before the laser
annealing process.

17. The method of claim 8, wherein the proton implan-
tation 1s performed according to an acceleration energy E of
the protons, and, when the logarithm log(Rp) of an average
range Rp of the implanted protons 1s x and the logarithm
log(E) of the acceleration energy E of the proton implanta-
tion 1s y, the acceleration energy E of the protons when the
field stop layer with the range Rp of the implanted protons
1s formed satisfies the following Expression (2):

y=-0.0047x%+0.0528x°-0.2211x°+0.9923x+5.0474 Expression (2).

18. The method of claim 8, wherein a minimum value of
carrier mobility in the disorder reduction region i1s greater
than or equal to 20% of the carrier mobility 1n a crystal state.

G ex x = e
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